We present a new framework for code-division multiple access (CDMA) communication over fast fading mobile wireless channels. The performance of the RAKE receiver, which is at the heart of existing CDMA systems, degrades substantially under fast fading encountered in many mobile scenarios. Due to the time-varying nature of the fast fading channel, we employ joint time-frequency processing, which is a powerful approach to time-varying signal processing. Whereas the RAKE receiver exploits multipath diversity to combat fading, our framework is based on joint multipath-Doppler diversity facilitated by a fundamental time-frequency decomposition of the channel into independent flat fading channels. Diversity processing is achieved by a time-frequency generalization of the RAKE receiver which can be leveraged into several important aspects of system design. Performance analysis shows that CDMA systems based on the time-frequency RAKE receiver, due to their inherently higher level of diversity, can potentially deliver significant performance gains over existing systems.
INTRODUCTION
Signal fading caused by the dynamics of the wireless channel is one of the most significant factors limiting the performance of mobile communication systems. Diversity techniques are used in practice to combat fading, which essentially amount to transmitting the signal over multiple independent fading channels. Systems based on CDMA, one of the leading technologies for multiuser communication, are well-known for their ability to combat fading. The RAKE receiver, which is at the heart of existing CDMA systems, is designed for exploiting multipath diversity in slow fading scenarios. However, fast fading is encountered in many mobile communication scenarios due to the motion of the users and results in rapid channel variations over time. The performance of the RAKE receiver degrades significantly under fast fading due to the Doppler shifts induced by the rapid channel variations.
In this paper, we present a new CDMA framework for wireless communication over fast fading channels. Due to the time-varying nature of the fast fading channel, we employ joint time-frequency processing, which is a powerful approach to time-varying signal processing. Our framework 
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Houston, TX 77005, USA aaz@rice.edu is anchored on a canonical time-frequency channel decomposition into independent flat fading channels, which facilitates diversity signaling via joint time-frequency processing. Unlike existing systems, our approach exploits the source of degradation in fast fading scenarios -Doppler shiftsto provide additional diversity, in conjunction with multipath diversity. The receiver structure that achieves joint multipath-Doppler diversity is a time-frequency generalization of the RAKE receiver which can be leveraged into several aspects of system design, including novel signaling and modulation techniques, multiuser interference suppression and timing acquisition, and information theoretic issues related to fast fading channels. Performance analysis shows that the inherently higher level of diversity afforded by the time-frequency RAKE receiver can potentially deliver substantial performance gains over existing systems, which are manifested in virtually all aspects of system performance.
The next section provides a brief relevant description of the channel. Section 3 develops the concept of joint multipath-Doppler diversity based on our canonical timefrequency channel decomposition. Section 4 briefly discusses some system design issues, followed by concluding remarks in Section 5.
CHANNEL DESCRIPTION
The complex baseband signal r(t) at a mobile wireless receiver is given by 
where xi?(@, T) "Af E {Iff(@, r)l2} , 
J O I N T M U L T I P A T H -D O P P L E R D I V E R S I T Y
In this section, we develop the concept of joint multipathDoppler diversity that lies at the heart of our CDMA framework for fast fading channels. Diversity signaling is facilitated by a fundamental time-frequency decomposition of the channel into independent flat fading channels. For clarity of exposition, we focus our discussion on the single-user case, and binary signaling. The framework can be extended to the multiuser case as briefly discussed in Section 4.
3.1.
Time-Frequency C h a n n e l Decomposition A spread-spectrum signaling waveform g ( t ) used in CDMA systems has the form 
where L = [Tm/Tcl M [T,Bl, P = [T,t?d], and E(@, T )
is a time-limited and (essentially) band-limited approximation of H ( 6 , T). The waveforms up,i(t)'s are time-frequency shifted copies of q ( t ) defined as 1Tc)e3 (9) and are approximately orthogonal 
Time-Frequency Receiver S t r u c t u r e
For negligible intersymbol interference (T, <( T and Bd <( B ) , which is typically the case, the "one-shot detector" suffices in which each symbol can be decoded separately. Thus, without loss of generality, we assume that r(t) in (1) is the received waveform for any one particular symbol. The power of the representation (8) comes from the fact that it facilitates joint multipath-Doppler diversity to combat fading: the channel is decomposed into a finite number of flat fading channels that can be processed independently due to the orthogonality of the up,i (t)'s. The representation (8) also identifies the time-frequency receiver structure for diversity processing. Each diversity channel is defined by a Note that the receivers (12) and (13) are time-frequency generalizations of the RAKE receiver; restricting (12) and (13) to P = 1 yields the conventional RAKE receiver. Moreover, the time-frequency RAKE receiver can be efficiently realized via a bank of conventional RAKE receivers modulated to different Doppler frequencies [2, 41.
Potential Performance Gains
As evident from (S), the level of diversity is determined by the product L P = L x P. The higher the level of diversity, due to fading is evident -for instance, there is a loss of 18dB in SNR at a bit-error probability (BEP) of The well-known ability of CDMA systems to combat fading comes from the large signaling bandwidth B which makes the channel frequency selective (TmB > l ) , thereby providing multipath diversity ( L 2 2). The RAKE receiver ( (12) and (13) In general, the larger the number of diversity components, the closer the performance to the ideal unfaded channel. However, the ability of existing CDMA systems to combat fading degrades significantly under fast fading which is encountered in many mobile communication scenarios. The RAKE receiver has been developed for slow fading scenarios (TBd < 1; P = 1) in which the channel characteristics vary slowly over time. In fact, practical receiver structures are designed to take advantage of slow fading by averzging over several symbols to obtain better estimates of 4H' (0, $).
Doppler shifts encountered in fast fading result in degraded channel estimates which translate into significant losses in system performance -a noncoherent receiver is often used in practice for robustness to Doppler shifts, which typically incurs a direct loss of 3 -6dB in SNR.
Our approach to communication over fast fading channels exploits the cause of the problem -Doppler shifts -to provide additional diversity. Whereas the RAKE receiver relies only on multipath diversity, the-time-frequency RAKE receiver exploits joint multipath-Doppler diversatyby making the channel time-selective (TBd > 1; P 2 2) as well.
The potential performance gains due to joint multipathDoppler diversity are significant: by resolving one Doppler 3The plots are based on an explicit expression for the BEP as a function of the number of diversity components [I] . component (P = 2), we double the level of diversity from LP = L to LP = 2L. For example, for L = 2 resolvable multipath components, we can achieve 4-level diversity via the time-frequency RAKE receiver by resolving a Doppler component, as compared to the 2-level diversity achieved by the conventional RAKE receiver. As evident from Figure 2 , going from A4 = 2 to M = 4 diversity components represents a gain of 4 -6dB in SNR at BEP of which is large enough a gain to not only restore the performance of the conventional RAKE receiver, but potentially provide additional improvement as well. Figure 3 shows the close agreement between the theoretical and simulated performance of time-frequency RAKE receivers for both coherent and noncoherent signaling. The simulations are based on length-31 M-sequences 
SYSTEM DESIGN ISSUES
Achieving the lucrative gams due to joint multipath-Doppler diversity in practice reqwres more work. As evident from (S), the channel has to be made time-selective (TBd > 1) in order to achieve Doppler diversity ( P 2 2). Even though Our framework for exploiting joint multipath-Doppler diversity can be leveraged into several important aspects of CDMA system design. In particular, the interference due to multiple users is another significant performance-limiting factor. Our approach can be exploited to develop timefrequency generalizations of a variety of existing multiuser detectors, including the maximum likelihood, decorrelator, and minimum-mean-squared-error detectors, for operation under fast fading 151.
Another related important design issue is that of multiuser timing acquisition, which is particularly challenging under multipath fading. Existing acquisition techniques have been developed for slow fading and are either too complex, or do not satisfactorily account for the channel [4] . Moreover, none have shown promising results in practice. Our fundamental channel model suggests robust timing acquisition techniques that require only the secondorder channel statistics as opposed to the channel state estimates that plaque many existing algorithms [4] .
Finally, the time-frequency channel decomposition has interesting information-theoretic implications for fast fading channels that are also being explored currently [4].
CONCLUSION
We have presented the key ideas behind a new CDMA framework for fast fading channels that is based on the notion of joint multipath-Doppler diversity. The performance of existing systems based on the RAKE receiver degrades substantially under fast fading due to errors in channel estimation. The time-frequency RAKE receivers at the heart of our framework promise to deliver substantially improved performance due to their inherently higher level. of diversity.
